The interaction of hydrogen (H) with lithium (Li) and zinc vacancies (V Zn ) in hydrothermally grown n-type zinc oxide (ZnO) has been investigated by positron annihilation spectroscopy (PAS) and secondary ion mass spectrometry. Li on Zn-site (Li Zn ) is found to be the dominant trap for migrating H atoms, while the trapping efficiency of V Zn is considerably smaller. After hydrogenation, where the Li Zn acceptor is passivated via formation of neutral Li Zn -H pairs, V Zn occurs as the prime PAS signature and with a concentration similar to that observed in nonhydrogenated Li-poor samples. Despite a low efficiency as an H trap, the apparent concentration of V Zn in Li-poor samples decreases after hydrogenation, as detected by PAS, and evidence for formation of the neutral V Zn H 2 complex is presented.
I. INTRODUCTION
Hydrogen (H) and lithium (Li) are two common impurities in hydrothermally grown (HT) zinc oxide (ZnO), with concentrations typically in the 10 17 cm −3 range, 1 and both elements are electrically active. H can act as a shallow donor [2] [3] [4] or indirectly contribute to n-type activity by passivating compensating acceptors. 5 Li, on the other hand, behaves as an amphoteric impurity, being a donor on an interstitial site (Li i ) and an acceptor on Zn-site (Li Zn ). 5 The relative abundance of Li i and Li Zn depends on the Fermi-level position and the detailed ZnO stoichiometry. 6, 7 H is a relatively fast diffuser exhibiting an activation energy in the range of 0.8-0.9 eV. 8, 9 Less is known about Li diffusion. However, an early study by Lander 10 suggests an activation energy of 1 eV for migration of Li i .
In as-grown HT-ZnO the dominant infrared absorption peak, observed at 3577 cm −1 , is found to involve both H and Li based upon isotope shift for both elements. 11, 12 Halliburton et al. 5 proposed that this local vibrational mode originates from an OH-Li Zn complex, and they concluded, based on quantification of the absorption line and the strength of the electron paramagnetic resonance (EPR) signal of the Li Zn , that 99% of the Li atoms in their as-grown sample was in the form of such OH-Li complexes. The high apparent thermal stability (∼1250
• C) of this absorption peak illustrates how efficiently H is trapped by Li Zn , where rapid quenching of the samples to room temperature is needed to avoid retrapping of H upon cooling after high-temperature heat treatment. 13 However, electrical measurements of similar types of samples 1, 14 showed that the major contribution of Li in asgrown n-type HT-ZnO is in the acceptor state (Li − Zn ) and not in the neutral OH-Li Zn center. By combining secondary ion mass spectrometry (SIMS) with infrared absorption spectroscopy, it has also been found that the absorption strength of the 3577 cm −1 line does not scale with the total Li concentration. 15 These results do therefore not support the conclusion that the majority (99%) of Li Zn would be passivated by H in as-grown material via formation of the OH-Li Zn complex. 5 This is also in line with the recent conclusions of Johansen et al., 16 where the positron annihilation signature of Li Zn has been identified.
In this work, H is deliberately introduced by shallow ion implantation and subsequent annealing (in diffusion), and its interaction with Li − Zn and V − Zn is studied by positron annihilation spectroscopy (PAS) and SIMS. Both Li-rich and Li-poor HT ZnO samples have been employed. In the former case, H is found to predominantly passivate the Li − Zn acceptor leaving V Zn as the main positron trap, while in the latter case an apparent reduction in the concentration of V Zn occurs. V Zn is anticipated to be in a double negative charge state in n-type material, 17 and the results from the Li-poor samples suggest the formation of a neutral V Zn H 2 complex.
II. METHODOLOGY
Two n-type HT ZnO wafers (labeled A and B) with a size of 10 × 10 × 0.5 mm 3 were used in this study and supplied by SPC-Goodwill. A concentration of 2 × 10 17 Li/cm 3 was found in wafer A, as measured by SIMS employing a Cameca IMS7f microanalyzer (details about the SIMS analysis can be found in Ref. 16 ). Wafer B was postgrowth annealed in air at 1500
• C (1 h) in order to reduce the Li content, followed by mechanical polishing of the O face to restore the surface smoothness. 14 After polishing, wafer B was further annealed in air at 1100
• C (1 h) to minimize the polishing damage in the nearsurface region and its influence on PAS Doppler-broadening measurements. 18 The resulting concentration of Li in wafer B, as measured by SIMS, was below 3 × 10 15 cm −3 ; see Fig. 1 . The resistivities of wafer A and wafer B (after the postgrowth treatment) were found by four-point probe measurements to be 2 k cm and 0.6 cm, respectively. One quarter of wafer A and of wafer B (A-2 and B-2) were then implanted on the O face at room temperature (RT) with 35-keV H − ions to a dose of 1 × 10 16 cm −2 , while two quarters (A-1 and B-1) were kept as is. The projected range R p was 265 nm, as estimated by SRIM. 19 A-2 and B-2 were subsequently heat treated at 350
• C (30 min) for diffusion of H into the bulk of the samples. experiments. The Doppler broadening of the annihilation radiation was detected using two Ge detectors with an energy resolution of 1.24 keV at 511 keV. The data were analyzed applying the conventional S and W parameters, defined as the fractions of counts in the central S, |E − 511 keV| 0.8 keV (corresponding to electron momenta of <0.4 a.u.), and the wing W, 2.9 keV |E − 511 keV| 7.4 keV (1.6-4.0 a.u.), parts of the recorded photon spectrum. Also positron lifetime measurements were undertaken, where a conventional fast-fast coincidence spectrometer with a Gaussian time resolution with full width at half maximum of 250 ps was used. 20 During these measurements, the sample and one piece of a reference (high-purity) vapor phase (VP) grown ZnO specimen were sandwiched with a 20-μCi positron source ( 22 Na deposited on 1.5-μm Al foil). Typically, 2 × 10 6 annihilation events were collected in each lifetime spectrum, which was analyzed as the sum of exponential decay components convoluted with the Gaussian resolution function of the spectrometer. In the data analysis, materials' specific values for the constant background (including the VP specimen) and annihilation in the source material were accounted for.
Positrons can get trapped and annihilate at neutral and negatively charged open-volume sites in the crystal lattice due to a locally reduced Coulomb repulsion. This increases the positron lifetime and narrows the momentum distribution of annihilating electron-positron (e-p) pairs. These changes can be modeled with ab initio methods based on the two-component density functional theory. 21, 22 In positronannihilation experiments the time-integrated annihilation parameter P exp (e.g., average positron lifetime, S and W parameter) constitutes a weighted sum of the characteristic values of the present positron traps P i and the crystal lattice P b , P exp = η B P B + i η i P i , with η B and η i being the positron annihilation fractions of the lattice and the defect i, respectively. In the case of only one dominant type of vacancy defect, the associated annihilation fraction The line connecting the ZnO-Bulk value with the value for V Zn saturation trapping is referred to as the V Zn line. In samples where the V Zn is the dominant positron trap, the S-and W -parameter values will obey the V Zn line, and the position along the line is determined by the V Zn concentration. 24 The black circle in Fig. 3 represents experimental S-and W -parameter values previously found for Li Zn in Li-rich ZnO. 16, 23 The difference found between sample A-1 and B-1 is similar to that reported previously for Li-rich and Li-poor samples 16 and is related to the removal of Li Zn , leaving V Zn as the dominant positron trap.
Interestingly, even though Fig. 1 reveals a Li concentration close to 2 × 10 17 cm −3 for sample A-2, the W -and Sparameter values in Fig. 3 follow the V Zn line. This indicates that after hydrogenation Li Zn is not the dominant positron trap, but rather V Zn is.
To gain additional insight into the passivation process, fast positron lifetime measurements were conducted, giving average information over depths up to 100 μm from the sample surface using samples A-1, B-1, A-3, and B-3. Samples A-3 and B-3 were both hydrogenated by heating in a sealed quartz ampoule filled with 0.5 bar of wet 2 H gas for 1 h at 700
• C, expected to give a uniform concentration of 2 H in the 10 17 cm −3 range throughout the samples. 9 For sample A-1, an average lifetime τ ave of 187 ps is recorded, consistent with that typically found for as-grown (Li-rich) HT ZnO. 16 However, for sample A-3 (Li rich, hydrogenated) τ ave is reduced to 176-177 ps, similar to that for sample B-1 (Li poor, not hydrogenated), while for sample B-3 τ ave is even further reduced to 171 ps, close to the bulk value of ∼170 ps (τ B ) for ZnO. 25 These results are fully consistent with those obtained by the Doppler-broadening experiments and support a scenario where H primarily interacts with (passivates) the Li Zn acceptor in Li-rich samples and has only a minor effect on the background concentration of V Zn (∼5 × 10 16 cm −3 ). On the other hand, in Li-poor samples V Zn prevails as a major trap for H, and the apparent V Zn concentration deduced by PAS is reduced by a factor of 5 to 1 × 10 16 cm −3 . An overview of the estimated values for the bulk V Zn concentration in samples A-2, A-3, B-1, B-2, and B-3 is given in Table I .
In principle, one could argue that the disappearance of Li Zn as the main positron trap in Li-rich samples after hydrogenation (sample A-2) is not due to passivation but is caused by a change of configuration to Li i . However, local density functional calculations of formation energies performed by Wardle et al. 6 show that the abundance of Li Zn exceeds that of Li i by many orders of magnitude in n-type samples prepared under normal conditions. Hence, the formation of Li i is ruled out as a likely explanation, and in addition, the results in Ref. 6 demonstrate that OH-Li Zn is a highly preferred defect in the presence of hydrogen. Here it should also be mentioned that OH-Li Zn has theoretically been shown to exhibit a similar positron annihilation signature to Li Zn . 16 However, in the neutral charge state of Li Zn the trapping coefficient is significantly reduced compared to the negative charge state due to the decreased Coulomb attraction and relatively small open volume of the defect.
The close resemblance between the concentrations of V Zn in samples B-1 and A-2 indicates that the high temperature anneals at 1500 and 1100
• C and the hydrogenation process of A-2 have only a minor (if any) influence on the V Zn concentration. Thus, it appears likely that the V Zn concentration in sample A-1 equals that found in A-2 and B-1 (see Table I ). This is possibly in contrast to previous results where irradiation-induced V Zn 's were found to anneal out already at 300
• C, 25 but it may also indicate that these V Zn 's in the present samples are not isolated, but rather stabilized by other intrinsic defects or impurities. Such a stabilization has already been reported for the Ga vacancy in the GaN system. 27 The strong dominance of Li Zn relative to V Zn as a trap for migrating H atoms in wafer A can be partly attributed to its higher concentration (∼2 (Fig. 1) , while the V Zn content (before hydrogenation) is at least two orders of magnitude higher (sample B-1). A likely reason for the modest H-trapping efficiency of V Zn (versus Li Zn ) is that the neutral V Zn H 2 complex forms. 28 The formation of V Zn H 2 requires consecutive trapping of two H atoms, and hence, a low rate of decrease of the apparent V Zn concentration occurs. Further, the formation of the V Zn -H 2 complex fully explains the apparent low V Zn concentration in samples B-2 and B-3. The effect of adding two H atoms into the Ga vacancy in GaN (with very similar positron characteristics to the Zn vacancy in ZnO) results in a reduction of the difference between τ V and τ B by 45 ps (from 70 ps). 27 A similar lifetime reduction is likely for the V Zn -H 2 complex and is enough to explain the decrease of the average lifetime as seen for B-3 as compared to B-1. Similarly, the addition of two H atoms into the vacancy draws the S and W parameters of the vacancy defect much closer to the ZnO bulk value, explaining the apparent low V Zn concentration obtained for B-2. Hence it can be concluded that the hydrogenation does not truly reduce the Zn vacancy concentration but reduces the open volume in the Zn vacancies by hydrogen filling.
IV. CONCLUSION
In as-grown HT ZnO samples the Li Zn acceptor is found to be efficiently passivated by hydrogen, introduced via diffusion from the O face, and its characteristic PAS signal disappears while forming the neutral OH-Li Zn complex. For V Zn , the opposite holds, and it emerges as the dominant positron trap after the hydrogenation with a concentration similar to that detected in postgrowth-annealed Li-poor HT samples. However, in the latter samples, where the Li content is about two orders of magnitude lower than the V Zn content and Li does not truly compete for H trapping, hydrogenation leads to a decrease in the PAS signal of V Zn . This decrease is presumably due to formation of the neutral V Zn H 2 complex, and the apparent V Zn concentration, as detected by PAS, approaches the bulk value of high-purity VP samples ( 1 × 10 16 cm −3 ).
